an anticough medicine, noscapine [(s)-3-((R) 4-methoxy-6-methyl-5,6,7,8-tetrahydro-[1,3]dioxolo [4,5-g]isoquinolin-5-yl) -6,7-dimethoxyiso-benzofuran-1(3h)-one], was discovered in the authors' laboratory as a novel type of tubulin-binding agent that mitigates polymerization dynamics of microtubule polymers without changing overall subunit-polymer equilibrium. to obtain systematic insight into the relationship between the structural framework of noscapine scaffold and its antitumor activity, the authors synthesized strategic derivatives (including two new ones in this article). the ic 50 values of these analogs vary from 1.2 to 56.0 µm in human acute lymphoblastic leukemia cells (cem). Geometrical optimization was performed using semiempirical quantum chemical calculations at the 3-21G* level. structures were in agreement with nuclear magnetic resonance analysis of molecular flexibility in solution and crystal structures. a genetic function approximation algorithm of variable selection was used to generate the quantitative structure activity relationship (qsaR) model. the robustness of the qsaR model (R 2 = 0.942) was analyzed by values of the internal cross-validated regression coefficient (R 2 LOO = 0.815) for the training set and determination coefficient (R 2 test = 0.817) for the test set. Validation was achieved by rational design of further novel and potent antitumor noscapinoid, 9-azido-noscapine, and reduced 9-azido-noscapine. the experimentally determined value of pIC 50 for both the compounds (5.585 m) turned out to be very close to predicted pIC 50 (5.731 and 5.710 
IntroductIon
n oscapine (a phthalideisoquinoline) is an opium alkaloid, isolated from Papaver somniferum, and it has been widely used as an antitussive agent. 1 While looking for orally available small tubulin-binding compounds with novel properties, we had discovered noscapine as a stoichiometric tubulin-binding molecule that alters tubulin conformation upon binding yet allows its polymerization into microtubules (mts). 2 noscapine-bound microtubules, however, are extremely sluggish in their dynamic instability property. 3 as a result of very slow mt dynamics, noscapine blocks cell cycle progression at mitosis (prometaphase), leading eventually to apoptotic cell death in many cancer cell types. 2, 3 perhaps because of a different binding site on tubulin, noscapine synergizes with another tubulin-binding anticancer drug, paclitaxel, and retains activity against paclitaxel-resistant cell lines (1a9/ptX10, 1a9/ptX22) and an epothilone-resistant cell line (1a9/a8). 4 in addition, noscapine seems to be a poor substrate for the drug pumps because it remains effective against multidrug-resistant cancer cells. 5 although noscapine is cytotoxic in a variety of different cancer cell lines in the public library of the u.s. national cancer institute (60-cell screen), the ic 50 values remain in the high micromolar ranges (˜21.1 to 100 µm). opportunities must now be explored to acquire better and more effective derivatives. indeed, our initial efforts have been quite encouraging in that we have some more effective derivatives of the lead compound noscapine. [6] [7] [8] [9] this led us to build a reasonable quantitative structure activity relationship (qsaR) model. the qsaR model guided us in rationally designing the azido derivatives of noscapine with superior activity. We synthesized 9azido-noscapine and reduced 9-azido-noscapine and tested their biological activity against human lymphoblastoid cells (cem) that corroborate with the qsaR evaluation. thus, results show that our qsaR model is robust and demonstrates successful predictive ability for further drug development.
MAtErIALS And MEthodS

Data set
the data set in this study consists of 32 noscapine derivatives, collectively called noscapinoids (table 1), with different substitutions on the isoquinoline and dimethoxy benzyl furanone ring systems of noscapine scaffold. all of these compounds were synthesized from noscapine as a starting material. compound 1 was purchased from sigma-aldrich (st. louis, mo). the halogenated derivatives of noscapine (table 1, compounds 2-5) were synthesized by substituting halogen groups (Br, cl, F, and i) at c-9 of the scaffold structure as previously described. 6 the cyclic ether halogenated analogs of noscapine (table 1, compounds 6-10) were synthesized by reducing an oxygen atom from the benzyl furanone ring, also described previously. 7 the nitro derivatives of noscapine (table 1, compounds 11 and 12) were synthesized by substituting a nitro group at c-9. 8 one group of compounds (table 1, compounds 13-21) contains aryl-substituted n-carbamoyl/n-thiocarbamoyl noscapine analogs. 9 the other analogs (table 1, compounds 22-32) harbor changes in the two methoxy groups, the lactone ring of the isobenzofuranone system (the dioxolo ring and the methoxy group), as well as the methyl group in the isoquinoline ring system. 9 all test compounds used in this study were dissolved in dmso as 10 mm stock.
In vitro cell proliferation assays
each of these compounds had associated in vitro antitumor activities in variety of cancer types including a few in cem (human lymphoblastoid) cancer cell lines. therefore, we had determined the biological activities of all compounds in one specific cell line and at similar experimental conditions (to minimize any bias). We have used cem cell lines as our assay system, which were provided by dr. William t. Beck (cancer center, university of illinois at chicago, chicago, il). cell culture reagents were obtained from mediatech (cellgro; manassas, Va). cells were grown in Rpmi-1640 medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 2 mm l-glutamine at 37 °c in a humidified atmosphere with 5% co 2 . suspension cells were plated into 96-well plates at a density of 5 × 10 3 cells per well and were treated with gradient concentrations of noscapinoids for 72 h. measurement of cell proliferation was performed with a colorimeter by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2h-tetrazolium, inner salt (mts) assay, using the celltiter96 aqueous one solution Reagent (promega, madison, Wi). cells were exposed to mts for 3 h, and absorbance (optical density) was measured using a microplate reader (molecular devices, sunnyvale, ca) at a wavelength of 490 nm. the percentage of cell survival as a function of drug concentration was then plotted to determine the ic 50 value. the negative logarithm of ic 50 value in molar concentrations (pIC 50 = -(log 10 ic 50 )) of these compounds was used as response for qsaR model building.
Molecular modeling and calculations of molecular descriptors
molecular models of noscapine and its analogs were built using the builder feature in maestro (schrödinger package, version 8.5). each structure was assigned an appropriate bond order using ligprep (schrödinger package, version 2.4), and a unique low-energy ring conformation with correct chirality was generated. all structures were subjected to molecular mechanics energy minimizations using macromodel (schrödinger package, version 9.8) with default settings. partial atomic charges were assigned to the molecular structures using the opls 2005 force field. to ensure that the geometry of the structure was fairly reasonable, we performed complete geometric optimization of these structures using Jaguar (schrödinger package, version 7.7). We have used hybrid density functional theory with Becke's three-parameter exchange potential and the lee-Yangparr correlation functional (B3lYp) and basis set 3-21G* for geometrical optimization. We have also recently determined the crystal structure of noscapine (supplemental data; Fig. 1 ) and compared it with the structural parameters obtained from the geometry-optimized structure. the structural parameters from both of the methods were almost similar (supplemental data, S1). Furthermore, the conformation of the geometrically optimized structure of noscapine mimics the conformation determined by deconvolution of dynamic conformations of noscapine generated in solution based on nuclear magnetic resonance (nmR) analysis of molecular flexibility in solution (namFis). different classes of molecular descriptors were calculated. Briefly, quantum chemical descriptors including heat of formation, dipole moment, highest occupied molecular orbital (homo), lowest unoccupied molecular orbital (lumo) energies, and local charges were calculated by the molecular operating environment (moe; version 2009-2010) software. different topological, shape-based, physical, constitutional, and inductive descriptors were also calculated for each molecule by moe software. moe provides a number of calculation functions for descriptors and has unique universal descriptors that enable a variety of properties to be modeled.
Data processing and QSAR modeling
the total number of molecular descriptors calculated initially was 422. all of these molecular descriptors were categorized into different classes such as topological, shape, physical, sterimol, and quantum. a systematic search in the order of missing value test, zero test, correlation coefficient, and genetic function approximation (GFa) was performed to determine significant descriptors from each class of descriptor for qsaR model building. the calculated descriptors were collected in a data matrix (D), whose number of rows and columns were the number of molecules and descriptors, respectively. the descriptors were centered to zero mean and scaled to unit variance (auto scaling). any parameter that is not calculated (missing value) for any number of the compounds in the data set was rejected in the first step. some of the descriptors were rejected because they contained a value of zero for all compounds and have been removed (zero tests). to minimize the effect of colinearity and to avoid redundancy, the correlation of descriptors with each other was investigated, and those pairs with high colinear relationships were determined. among the colinear descriptors, one with the lowest correlation with drug activity was removed from the data matrix. among the remaining descriptors, the set of descriptors that gave statistically best qsaR models was selected using GFa 10 within the qsaRevolution module (ga.svl) of the moe program. this evolutionary genetic tool enables automated qsaR modeling on the fly and is available through the sVl exchange. the GFa algorithm starts with the creation of a population of randomly generated parameter sets. the algorithm was set up to discover descriptor-activity relationships consisting of linear polynomial terms. one hundred random initial equations with four variables were used (adding constants where necessary) to search for equations of unlimited length but with acceptable lack-of-fit (loF) scores. 10 new "child" equations were generated using the multiple linear regression method. child equations were mutated (i.e., changed at "birth") 50% of the time after their generation by addition of randomly selected new terms. the number of generations of equation evolution required in the data set was gauged by the attainment of adjusted R 2 values and minimal loF scores. creation of a consecutive generation involves crossovers between set contents, as well as mutations. the total number of crossovers was set to 50 msp14;000 with the autotermination factor of 1000 (meaning that the calculation was stopped when the fitness function value does not change during 1000 crossovers). the equations were evaluated for statistical soundness by the Friedman loF score, R 2 , adjusted R 2 , least-squares error, and correlation coefficient after cross-validation statistics. the Friedman loF score is expressed by the following equation: 
Validation of QSAR models
the predictive capability of the developed qsaR model was validated based on several statistical tests such as leave-oneout, leave-10%-out, and leave-20%-out cross-validation and a Y-randomization test using an svl script (qsarwizard.svl). the cross-validation regression coefficient (R 2 LOO ) was calculated based on the prediction error sum of squares (pRess) and sum of squares of deviation of the experimental values, Y, from their mean (ssY) using the following equation: is the mean activity value of the training set compounds. Further evaluation of the predictive ability of the qsaR model for the test set compounds was done by determining the value of rm 2 by the following equation 11, 12 :
where R test 2 is the squared pearson correlation coefficient for regression calculated using Y= a + bx; a is referred to as the y-intercept, b is the slope value of regression line, and R test0 2 is the squared correlation coefficient for regression without using the y-intercept, and the regression equation was Y = bx.
to further check the intercorrelation between molecular descriptors used in the final qsaR model, we performed variance inflation factor (ViF) analysis. the ViF value was calculated from 1/(1 -R 2 ), where R 2 is the multiple correlation coefficient of one descriptor's effect regressed onto the remaining molecular descriptors. if the ViF value is larger than 10 for a descriptor, its information could be hidden by other descriptors. 11, 12 rESuLtS
Antitumor activity of noscapinoids
We determined the antitumor activities (ic 50 ) of 32 noscapinoids in the human lymphoblastoid cancer cell line (cem) to complete a reasonable data set that possesses a variety of sub-stituents with different hydrophobic and electronic properties while preserving the primary skeleton of noscapine (table 1) . this series of noscapinoids have a reasonably wide spectrum of antitumor activities (1.2 µm to 56.0 µm; statistically significant; F = 182.6, p < 0.001), as determined by mts assay. the reasonable structural diversity as well as the resulting biological activity (ic 50 in cem) could produce qsaR models for accurate activity predictions. We used 22 structures as a training set for the development of our qsaR models to compute the biological activity for a test set of the remaining 10 structures.
Optimization of the structure of noscapinoids
the structure of noscapine can be viewed as two flat planar plates of its two-ring systems (isoquinoline and isobenzofuranone) joined by a rotatable single c-c bond between two chiral centers of the molecule. this is much akin to two palms of the hand put together at an angle of approximately 36° but rotating freely in space against each other, producing a range of structures between two extremes of an l-shaped closed palm (two planar rings at approximately 36°) and a completely extended outstretched open palm (two-ring planes at approximately 108°). noscapine might thus experience a diverse range of conformer states in solution. to get an insight into this, we used high-resolution two-dimensional nmR spectroscopy to determine the range of the dynamic structure of noscapine in solution and then calculated the percentage of time spent in each conformer state. this was done using nuclear overhauser and exchange spectroscopy spectra that calculate the distances between various protons of the noscapine (Fig. 1a) . distances obtained for different conformations were then integrated with a methodology called namFis. 13 namFis integrates nmR observables and force-field structures to specify individual conformers and their relative percentages. in addition, this algorithm is capable of identifying multiple conformers consistent with the experimental nmR data. out of many conformations generated, noscapine spends most of its time (86%) in openpalm conformations (Fig. 1b) . ab initio quantum chemical calculations using B3lYp and basis set 3-21G* level were used to find the optimum three-dimensional (3d) geometry of the molecules. to prevent the structures located at local minima, geometry optimization was iterated many times with different starting points for each molecule. the optimization was preceded by the polak-Rebiere algorithm to reach to 0.01 root mean square gradient. to check the reliability of the geometry obtained, we compared the structural parameters of noscapine ( Fig. 1c) with the conformation obtained from namFis ( Fig. 1b) and crystal structure (supplemental data, Fig. 1 ). all calculations reproduced most of the structural parameters of the noscapine (supplemental data, S1). the overlaid 3d structures of molecules are shown in Figure 1d . the conformation of the noscapine and its congeners can clearly reveal an overall similar scaffold structure, specifically the isoquinoline and isobenzofuranone rings.
QSAR modeling
the geometrically optimized structures of the molecules were used, and a set of 422 molecular descriptors was calculated. it includes a set of shape and topological descriptors, described by means of the surface area, volume, topological indices, and dihedral angle between the isoquinoline and isobenzofuranone rings. the electronic descriptors such as e homo , e lumo , local charges, and dipole moments were derived from am1 calculations. indices of electronegativity (χ = -0.5(e homo − e lumo )), hardness (η = 0.5(e homo -e lumo )), softness (s = 1/η), and electrophilicity (ω = χ 2 /2η) were calculated from homo and lumo energies. 14 constitutional molecular descriptors were used to define the effect of different fragments of the molecules. From each class of molecular descriptors, significant descriptors were filtered out systematically, as mentioned in the materials and methods section, pertaining to qsaR model development.
multiple linear regression analyses were employed for qsaR model development (summarized in supplemental data, S2) . at first the qsaR equation was derived using the topology descriptors. this initial equation does not have a high statistical quality. the qsaR equation developed from shape descriptors revealed better structure-activity relationships (equation 2) than that of topology descriptors (equation 1). among the chemical descriptors that define the shape of the molecules, chi0 (atomic connectivity index, order 0), chi0v and chi1v (atomic valence connectivity indices, order 0 and 1, respectively), first kappa shape index, and third alpha modified shape index were used by the equation. similarly, the molecular descriptors defining the physical properties of the molecules, log s (log of the aqueous solubility), mR (molecular refractivity), tpsa (polar surface area calculated using group contributions to approximate the polar surface area), vdw_area (area of van der Waals surface), and log p (log of the octanol/water partition coefficient), were used by the qsaR equation 4. the parameters such as log s, vdw_area, and log p have been considered as the descriptors for the hydrophobic effect. the molar refractivity is a constitutiveadditive property that is calculated by the lorenz-lorentz formula. the high standard error and low correlation coefficient for qsaR equations (1, 2, and 3) revealed that the antitumor activity of the molecules is not correlated with the individual topology, shape, or physical descriptors. however, the qsaR equations developed based on sterimol and quantum descriptors of the molecules have improved the predictive value (equations 4 and 5) with correlation coefficients of 0.737 and 0.749 and standard errors of 0.322 and 0.312, respectively. the sterimol descriptors calculate a set of six parameters: l, B1, B2, B3, B4, and B5 for the whole molecule. the parameter l is measured along the substitution axis, and B1 to B4 are measured orthogonal to the substitution axis, as shown in Figure 2 . sterimol descriptors were calculated using an svl script (sterimol.svl). the descriptors such as directional_pol_sa and directional_hyd_ sa used in equation 4 describe the directionality of polar and hydrophobic characters and compute the amounts of polar and hydrophobic atomic accessible surface for a structure. 15 Both descriptors were calculated using an svl script (q_surfarea.svl). the quantum mechanical descriptors were calculated using mopac distributed with moe. electronegativity and electrophilicity parameters have a positive coefficient value. the softness parameter has negative coefficient value. together, these parameters indicate strong dependence of biological activity (antitumor) on the electronic features. the indices of electronegativity, electrophilicity, and softness were calculated from the difference between the homo and lumo energies. the qsaR equation (equation 5) developed including these descriptors had high correlation (R 2 = 0.749) with biological activity. it should be noted that the correlation of the homo or lumo energies alone, however, show low R 2 values (0.187 and 0.235) with biological activity. the final qsaR model (equation 6; supplemental data, S2) was obtained when all the above descriptors were combined together. it consists of only six descriptors: softness (electronic descriptor), vdw_area (physical descriptor), kiera3 (shape index), B2, directional_hyd_sa, and directional_ pol_sa (sterimol descriptor). the best significant relationship for the biological activity has been deduced to be where N is the number of compounds in the training set, R 2 is the squared correlation coefficient, S is the estimated standard deviation about the regression line, R 2 adj is the square of the adjusted correlation coefficient for degrees of freedom, F test is the measure of variance that compares two models differing by one or more variables to determine if the complexity of the model correlates positively with its reliability (the model is supposed to be good if the F test is above a threshold value), and R 2 LOO is the square of the correlation coefficient of the crossvalidation using the leave-one-out (loo) cross-validation technique.
the qsaR model developed in this study is statistically best fitted (R 2 = 0.942, R 2 LOO = 0.815, F test = 34.42) and consequently used for the prediction of antitumor activities (pIC 50 ) of training and test sets of molecules, as reported in tables 2 and 3. the quality of the prediction models for the training set compounds is shown in Figure 3 . the R 2 and R 2 LOO values (0.942 and 0.815) of the model corroborate the criteria for a highly predictive qsaR model. 11, 12 the standard error of estimate for the model was 0.159, which is an indicator of the robustness of the fit and suggests that the predicted pIC 50 based on qsaR model is reliable. the developed model was further validated by a Y-randomization test. in general, the qsaR model with values greater than 0.5 is considered statistically robust, whereas the lower values (less than 0.5) point to a chance occurrence. the values of for all 100 models were found to be well above the stipulated value of 0.5 ( R p 2 : 0.683 to 0.814). therefore, the qsaR model is highly predictive.
the intercorrelation of the descriptors used in the final model was very low (less than 0.6), and thus the model is statistically significant. it is necessary that the descriptors involved in the equation should not be intercorrelated with each other. to further check the intercorrelation of descriptors, ViF analysis was performed. ViF values of these descriptors are 3.268 (softness), 4.525 (vdw_area), 4.651 (kiera3), 4.608 (smB2), 2.849 (directional_hyd_sa), and 2.740 (directional_pol_sa). Based on the ViF analysis, it was found that the descriptors used in the final model have very low intercorrelation. 11, 12 satisfied with the robustness of the qsaR model developed using the training set, we next applied the qsaR model to an external data set of noscapine analogs comprising the test set. table 3 presents the predicted pIC 50 values of the test set based on the qsaR model. the overall root mean square error between the experimental and the predicted pIC 50 value was 0.193, which revealed good predictability. the squared correlation coefficient between experimental and predicted pIC 50 values for the test set is also significant (R 2 = 0.817). Figure 4 shows the quality of the fit. the estimated correlation coefficient between experimental and predicted pIC 50 values with intercept (R 2 ) and without intercept (R 2 0 ) are 0.942 and 0.940, respectively. the value of [(R 2 -R 2 0 )/R 2 ] = (0.942 -0.940)/0.942 = 0.0021 is also less than the stipulated value of 0.1. 11, 12 Values of R 2 test = 0. 817 and rm 2 = 0.90 were in the acceptable range, thereby indicating the good external predictability of the qsaR model. 11, 12 dIScuSSIon in this article, we systematically investigated the relationship between the well-characterized structure and its antitumor activity by synthesizing strategic derivatives of noscapinoids. Geometrically optimized structures were in agreement with namFis and crystal structures. to obtain quantitatively the effects of various structural parameters of the noscapine derivatives on their biological activity, qsaR analysis with different types of molecular descriptors was operated. We used the genetic function approximation algorithm of variable selection and generated robust qsaR models with high predictability for the external data set. We thus believe that this model would perform as a good rapid screening tool to uncover new and more potent antitumor drugs based on noscapine derivatizations. the appearance of the electronic descriptors such as electronegativity and electrophilicity in equation 5 as well as softness in equation 6 (calculated from homo and lumo energies) demonstrates that these descriptors significantly influence the antitumor activity of noscapinoids. they favor columbic interaction between ligands and receptor. therefore, the developed qsaR models guided us to substitute a functional group such as azido (n -= n + = n -), satisfying the above descriptors in the scaffold structure of noscapine pertaining to better antitumor activity. to begin to test this, we built two noscapine derivatives using the molecular builder (9-azido noscapine and reduced-9-azido noscapine; table 4) and predicted their biological activities by using the qsaR model. it was deduced that both molecules have superior activity in comparison with the lead molecule, noscapine.
to experimentally test the predictability of our qsaR model, we chemically synthesized both the molecules (Scheme 1), and their activity was experimentally determined in cem cells using the mts assay described in the materials and methods section. as guided by our qsaR model, we chose to substitute an azido group at the c-9 position of the noscapine scaffold ( Fig. 1a) , producing 9-azido-noscapine, and we also chose to reduce the ketone group of 9-azido-noscapine on its isobenzofuronone ring, conjuring up a reduced 9-azido-noscapine. the predicted (5.731 and 5.710 m) and experimental (5.585 m) pIC 50 values are included in table 4. the experimental results (with extremely small deviations of 0.146 m and 0.125 m) show that our model has a highly predictive power for the further design of better noscapinoids for anticancer drug discovery and development.
Synthesis of novel 9-azido-noscapine
Both 9-azido-noscapine and reduced 9-azido-noscapine were synthesized from noscapine (1) and reduced noscapine (4) as starting materials, respectively. the reduced noscapine (4) itself was synthesized from noscapine (1) as described previously. 7 Both synthetic schemes involved their respective intermediates, 9-bromo-noscapine and reduced 9-bromo-noscapine (Scheme 1). twenty grams of noscapine (1) (48.4 mmol) was dissolved by adding a minimum amount of 48% hydrobromic acid solution (˜40 ml) in a flask. Freshly prepared bromine water (˜250 ml) was added dropwise to the reaction mixture until an orange precipitate appeared. the reaction mixture was then stirred at room temperature for 1 h and neutralized to ph 10.0 using ammonia solution to obtain a precipitate. the solid precipitate was then recrystallized in ethanol to yield 9-bromonoscapine ( 
